Flavodoxin II from Azotobacter vinelandii is a ''long-chain'' flavodoxin and has one of the lowest E 1 midpoint potentials found within the flavodoxin family. To better understand the relationship between structural features and redox potentials, the oxidized form of the C69A mutant of this flavodoxin was crystallized and its three-dimensional structure determined to a resolution of 2.25 Å by molecular replacement. Its overall fold is similar to that of other flavodoxins, with a central five-stranded parallel b-sheet flanked on either side by a-helices. An eight-residue insertion, compared with other long-chain flavodoxins, forms a short 3 10 helix preceding the start of the a 3 helix. The flavin mononucleotide (FMN) cofactor is flanked by a leucine on its re face instead of the more conserved tryptophan, resulting in a more solvent-accessible FMN binding site and stabilization of the hydroquinone (hq) state. In particular the absence of a hydrogen bond to the N5 atom of the oxidized FMN was identified, which destabilizes the ox form, as well as an exceptionally large patch of acidic residues in the vicinity of the FMN N1 atom, which destabilizes the hq form. It is also argued that the presence of a Gly at position 58 in the sequence stabilizes the semiquinone (sq) form, as a result, raising the E 2 value in particular.
teria Anabaena, for example, it replaces ferredoxin as an electron shuttle from photosystem I to ferredoxin-NADP + reductase under iron-deficient conditions (Sykes and Rogers 1984) .
Flavodoxin II from Azotobacter vinelandii ATCC 478, the subject of this article, has been implicated in electron transfer to nitrogenase, where its synthesis was coinduced with nitrogenase upon introduction of A. vinelandii cells to nitrogen-fixing conditions after growth on NH 4 Cl (Klugkist et al. 1986a ). This flavodoxin is a socalled ''long-chain'' flavodoxin and has one of the lowest E 1 midpoint potentials found within the flavodoxin family (Steensma et al. 1996; see below) .
Two subgroups have been identified within the flavodoxin family, the short-chain and the long-chain flavodoxins. The long-chain flavodoxins are up to 38 residues longer than the short-chain flavodoxins, mainly due to a long inserted loop of 22 residues in the final strand of the central b-sheet, toward the end of the protein. Flavodoxin II from A. vinelandii contains this insertion and is therefore considered to be a member of this subgroup. The distinction between long-and short-chain flavodoxins appears to parallel a difference in redox potentials for these proteins. FMN, both when free in solution and bound to apoflavodoxin, can exist in three redox states, namely oxidized (ox), one-electron reduced semiquinone (sq), and two-electron reduced hydroquinone (hq). For FMN free in solution, the midpoint potential for the ox/ sq redox couple, E 2 , is lower than that of the sq/hq potential, E 1 . However, complex formation with apoflavodoxin alters these potentials dramatically, inducing an inversion as well as a substantial separation between them. As a result, flavodoxin can transfer electrons in two discrete one-electron steps (Lostao et al. 1997) .
Three-dimensional structures are known of oxidized flavodoxins from both subgroups, namely, from Clostridium beijerinckii (Burnett et al. 1974) and Desulfovibrio vulgaris (Watt et al. 1991) for the short-chain and from Anabaena variabilis (Rao et al. 1992) , Chondrus crispus (Fukuyama et al. 1992) , Escherichia coli (Hoover and Ludwig 1997) , Helicobacter pylori (Freigang et al. 2002) , Megasphaera elsdenii (van Mierlo et al. 1990) , and Anacystis nidulans (Smith et al. 1983 ) for the long-chain flavodoxins. Additionally, structures of the sq and/or hq forms of the flavodoxins from A. nidulans, C. beijerinckii, and D. vulgaris are also available (Smith et al. 1977; Watt et al. 1991; Ludwig and Luschinsky 1992; Romero et al. 1996; Hoover et al. 1999) . The combination of structural data with mutagenesis of identified key residues has resulted in a general picture where it appears that the separation of the midpoint potentials in flavodoxin is effected by the differential stabilization by the apoflavodoxin of the three oxidation states of FMN. In all three structures of flavodoxin semiquinones listed above, a striking difference in the flip of the 58-59 backbone peptide (A. vinelandii numbering) upon reduction to the sq form was observed (Watt et al. 1991; Ludwig and Luschinsky 1992) . The hydrogen bond then formed between the carbonyl of residue 58 and N5 of the FMN stabilizes the neutral semiquinone in the protein and is purported to be the basis of the positive shift of the ox/sq potential compared with FMN free in solution (Smith et al. 1977; Ludwig et al. 1997; Hoover et al. 1999) . The identity of one of the residues within this 58-59 peptide is also known to be a crucial determinant of E 2 Chang and Swenson 1999) . The exceptionally low sq/hq E 1 potentials in flavodoxins, on the other hand, are thought to be brought about by specific destabilizing electrostatic interactions between the anionic hq and the FMN binding site, which contains patches of uncompensated negatively charged residues (Zhou and Swenson 1996a,b) . In addition, sandwiching of the FMN between two aromatic residues not only is unfavorable for the charged hq but also actively excludes solvent from the FMN binding pocket, thus maintaining an apolar environment (Swenson and Krey 1994; Lostao et al. 1997; McCarthy et al. 2002) .
E 2 in particular appears to be higher in general for the short-chain compared with the long-chain flavodoxins (Fig. 1) . The 22-residue insertion that differentiates the long-and short-chain subgroups does not, however, contact the FMN cofactor and, as such, is unlikely to be the source of the differences in potentials, as has previously been noted . In fact, a recent study of shortened variants of the long-chain flavodoxin from Figure 1 . The E 1 , sq/hq, and E 2 , q/sq, midpoint potentials for longand short-chain flavodoxins from different sources at pH 7.0, in mV. From left to right: E. coli (Hoover and Ludwig 1997) , A. nidulans , A. chroococcum (Deistung and Thorneley 1986) , A. vinelandii (Steensma et al. 1996) , Anabaena 7120 (Paulsen et al. 1990 ), C. crispus (Sykes and Rogers 1984) , D. vulgaris (Curley et al. 1991) , C. beijerinckii (Mayhew 1971) , M. elsdenii (Mayhew et al. 1969) , and finally, FMN free in solution (Anderson 1983) , with E 1 and E 2 inverted with respect to the flavodoxins. For the cases where the potentials were not measured at pH 7.0, a change of À59 mV/pH unit was applied to estimate E 2 (E 1 was assumed to be pH independent above pH 7.0).
Anabaena indicated that the loop was only indirectly responsible for stabilizing the protein complex with FMN and was more likely to be involved in the recognition of partner proteins (Lopez-Llano et al. 2004a,b) .
While research has continued into the details of the physiological role of flavodoxins, such as its role in the kinetic regulation of nitrogenase (Duyvis et al. 1998) , its ease of expression and purification as well as stability has made it a popular model for a number of more general biochemical studies, in addition to the redox potential studies described above. For flavodoxin II from A. vinelandii, these include functional studies of electron transfer to other (nonphysiological) partner proteins (Cheddar et al. 1986; De Francesco et al. 1987) , kinetics of flavin binding to apoflavodoxin (Barman and Tollin 1972; Pueyo et al. 1996) , and electrochemical studies (Steensma et al. 1996) , as well as protein folding and unfolding studies (van Mierlo et al. 2000; Bollen et al. 2004) . Despite the wealth of information available on the characteristics and reactivity of this particular flavodoxin, only the secondary structure content of the protein is known from NMR spectroscopic studies , as well as a predicted three-dimensional structure obtained by alignment and modeling using the structure of the A. nidulans flavodoxin (Drummond 1986 ).
Here we report the structure of the oxidized form of the Cys69Ala (C69A) mutant of flavodoxin II from A. vinelandii as solved by X-ray diffraction to a resolution of 2.25 Å using molecular replacement. While the basic fold of the flavodoxin resembles that of other known flavodoxins, several unique features stand out. An eight-residue loop purported by analogy to be involved in partner protein complex formation is identified at the surface of the protein. Focusing on the local structure around the FMN binding pocket, a striking difference was noted in the absence of a hydrogen bond to the N5 of FMN, contrary to all other structures of oxidized long-chain flavodoxins known. The presence of a leucine instead of a conserved tryptophan on the re face of the FMN results in a more polar FMN binding site, while a significantly larger cluster of negatively charged residues is found around the N1 of the FMN than in other flavodoxins. Both these factors are known determinants of E 1 , the sq/ hq potential. Despite the fact that only the E 1 redox couple is biologically relevant, close study of the structure of flavodoxins in the various redox states has been instrumental in furthering understanding of how variations in composition and structure modulate both E 1 and E 2 redox potentials of this protein family in particular, with implications for redox proteins in general. In this A. vinelandii flavodoxin, the structure suggests destabilization of the ox and hq forms of the protein, while stabilization of the sq form moves the ox/sq E 2 redox potential to a relatively high value. The discussion affords new insights into how variations in protein composition and structure can modulate their redox potentials.
Results and Discussion
The crystal structure determination of A. vinelandii C69A flavodoxin II The crystal structure of A. vinelandii C69A flavodoxin II was solved at 2.25 Å resolution using molecular replacement with a homology model based on the Anabaena flavodoxin structure (Rao et al. 1992; Burkhart 1995) . The protein crystallized with two monomeric molecules in the asymmetric unit, called A and B, which are related by a 133
rotation. The refinement statistics and contents of the final model are given in Table 1 . Except for some solvent-exposed side chains, the molecules are clearly defined in density. Superposition of the Ca atoms of the two molecules gives a root mean square (RMS) difference of 0.7 Å . Excluding residues that differ by more than 3 s (residues 1, 59, 178, and 179), the RMS difference decreases to 0.38 Å . Taking into account only the nonglycine and nonproline residues and discounting the first and last residues of each molecule, 268 residues (88.2%) are in the most favored region of the Ramachandran plot, 36 residues (11.8%) are in the additional allowed regions, and none of the residues are in the generously allowed regions or in the disallowed regions. The polypeptide fold of A. vinelandii C69A flavodoxin II C69A flavodoxin II from A. vinelandii is the longest flavodoxin to date for which a structure has been determined. Its three-dimensional fold is shown in Figure 2 and consists of the a/b fold common to all flavodoxin structures presently known. The main secondary structure elements of the protein were defined from the Protein Data Bank (PDB) coordinates using the DSSP program by Kabsch and Sander (1983) . The central core of the protein is made up of a highly conserved five-stranded parallel b-sheet, the final strand of which is interrupted by a 22-amino-acid insertion between b 5a and b 5b , characteristic of long-chain flavodoxins. There is, however, more variability between different flavodoxins in the number and length of the a-helices that pack against the central b-sheet core. Here, a total of five ahelices were identified, with helices 1 and 5 found together on one face of the sheet, while helices 2, 3, and 4 are clustered on the other face. A short helical region of 1.5 turns, a 2 , was found after a 3 10 helix in between strands b 2 and b 3 .
Structural comparisons to other flavodoxins
The a-carbon backbone of molecule A of the A. vinelandii flavodoxin was superposed onto all other known structures of long-chain flavodoxins, and the RMS difference was calculated for each pair of proteins ( Table  2 ). The structures of flavodoxins from five other sources superpose well onto the A. vinelandii flavodoxin, with RMS differences < 1 Å for all structures, except for that from C. crispus, the only eukaryotic flavodoxin in the group. Interestingly, flavodoxin from A. vinelandii appears to resemble that from H. pylori most closely in structure, with an RMS difference of 0.89 Å , while the amino acid sequence identity between the two proteins of 39% is comparatively low. The two structures only deviate significantly at the points where the longer A. vinelandii contains insertions, namely, in turns Lys23-Thr29, which connects a 1 and b 2 , and Asp119-Gly121, which connects a 4 and b 5 . Similarly a single residue insertion in the H. pylori flavodoxin of Gly69 leads to a slightly different position of the Gly83-Ser87 loop in the A. vinelandii flavodoxin. The stretch between strands b 2 and b 3 typically shows more diversity in fold between the various flavodoxins. Although the flavodoxin from A. vinelandii is most identical to that from Anabaena, the former has a 3 10 helix followed by a short a-helix at this point, while the latter does not exhibit any helical structure in this region. The flavodoxins from A. nidulans and C. crispus have a 3 10 helix and a short single-turn a-helix here, respectively. Additionally, a 3 of A. vinelandii is relatively long, more similar to the flavodoxin from Anabaena than to those from A. nidulans or C. crispus. Structure-based alignment of the flavodoxin sequences in Figure 3 also reveals that, compared with other long-chain flavodoxins, the A. vinelandii flavodoxin has an additional inserted loop of residues 64-71. These eight amino acids map onto a stretch following 
The amino acid sequences were compared using the local alignment program BLAST, and the identity between them is indicated in parentheses.
www.proteinscience.org 2287 The insertion takes on the conformation of a short 3 10 helix, followed by a turn and a loop that precede the start of a 3 . An analogous loop has previously also been identified by sequence analysis in the 94% identical A. chroococcum flavodoxin (Peelen et al. 1996) , the three-dimensional structure of which has never been released (Thorneley et al. 1994 ). However, from two-dimensional NMR data, the loop was inferred to be at the protein surface and was shown to be involved in complex formation with the Fe protein of nitrogenase (Peelen et al. 1996) . Our structure of the A. vinelandii flavodoxin corroborates the former result, clearly showing this loop to be solvent-exposed.
The protein used for this study is the Cys69Ala (C69A) mutant, which has widely been used for functional studies, as it does not dimerize via the cysteine thiol group like wild type does (Yoch 1975) , while retaining the redox properties of the wild-type protein (Steensma et al. 1996) . The Cys69Ala mutation sits in the middle of the above loop on the surface, toward one side of the protein with no direct contacts with the FMN cofactor (Fig. 2) . This is consistent with the unchanged redox potentials of this mutant. Additionally, as the Cb carbon of Ala69 is solvent-exposed, assuming that the mutation does not cause conformational changes, by analogy the thiol group of the cysteine residue in the wild-type protein may also be expected to be solvent-accessible. This may explain the tendency of the wild-type protein to dimerize over time (Yoch 1975) .
A single phosphate group is present in the structure as part of the FMN cofactor. The gene for flavodoxin II used for this study is identical to that cloned from A. vinelandii strain OP Berkeley (Bennett et al. 1988) , that has also been expressed heterologously in E. coli (Taylor et al. 1990 ). This crystal structure confirms an earlier notion that this flavodoxin form does not contain a covalently bound phosphate (Klugkist et al. 1986b) , as was also found for the recombinant flavodoxin from A. vinelandii strain OP Berkeley (Taylor et al. 1990) .
A total of seven solvent molecules were found buried in the interior of the protein, occupying comparable positions in both molecules in the asymmetric unit. The positions of these water molecules with respect to the three-dimensional fold of the flavodoxin molecule are illustrated in Figure 4A . Two of them, colored green, were found to interact with residues at the top ends of strands b 3 and b 4 , and b 4 and b 5 . Two others, colored light blue, bridge the loop connecting the end of a 2 to the start of b 3 , and to the 152 D-L-D-N 155 loop between the end of b 5 and the start of a 5 , respectively. A structurally conserved solvent molecule was also found between Leu93 on b 4 and the end of b 5a , just at the start of the inserted loop common to long-chain flavodoxins; it is visible as the dark sphere toward the back of the molecule in Figure 4A . Finally, two more water molecules, colored red, were identified in the cavity adjacent to the more buried re face of the FMN. These latter two will be discussed in more detail later in the article. However, all mentioned solvent molecules appear to play a structural role in the packing of the protein. This is confirmed by the fact that they mostly occupy positions similar to those of water molecules found in other longchain flavodoxins (Burkhart 1995; Hoover and Ludwig 1997; Drennan et al. 1999) . . Structure-based sequence alignment using SEQUOIA v0.9.7 (Bruns et al. 1999 ) of the oxidized long-chain flavodoxins from A. vinelandii, Anabaena 7120 (PDB entry 1RCF; Burkhart 1995), H. pylori (PDB entry 1FUE; Freigang et al. 2002) , and A. nidulans (PDB entry 1CZU; Drennan et al. 1999 ) and the oxidized short-chain flavodoxins from D. vulgaris (PDB entry 1J8Q; Artali et al. 2002) and C. beijerinckii (PDB entry 5NLL; Ludwig et al. 1997 ). The 22-residue loop that differentiates short-and long-chain flavodoxins is clearly visible inserted between strands b 5a and b 5b . The primary sequence of A. chroococcum flavodoxin was aligned with that of A. vinelandii using CLUSTALW version 1.81 (Thompson et al. 1994 ). The main secondary structure elements of the A. vinelandii protein were defined from the PDB coordinates using the DSSP program (Kabsch and Sander 1983) and are indicated above the amino acid sequence alignment.
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The FMN binding pocket
As with other flavodoxins, the FMN cofactor binds noncovalently at one end of the central b-sheet, with the pyrimidine part of the molecule buried in the interior of the protein, and with the dimethyl benzene edge that has been proposed to mediate electron transfer, solvent exposed (Mayhew and Ludwig 1975) . The FMN molecule is bound in a very flat conformation compared with other flavodoxins. Superposition of the a-carbon atoms of different flavodoxins as described above shows that the FMN sits at a very similar angle with respect to the protein fold, except for the three flavodoxins that have a nontryptophan substitution at position 57 (A. vinelandii numbering). The FMN in these proteins is more tilted. For example, the FMN in the C. beijerinckii flavodoxin is tilted by some 25 compared with that from Anabaena. This angle is closer to 15 in both H. pylori and A. vinelandii. The isoalloxazine ring in both these flavodoxins is also completely planar, as opposed to a slight butterfly-like bend that has been observed for other flavodoxins, which is $8 for the Anabaena flavodoxin.
The different parts of the FMN cofactor associate with the flavodoxin polypeptide chain through a variety of interactions, including hydrogen bonds and hydrophobic stacking. Three main regions of apoflavodoxin implicated in the noncovalent binding of FMN in other flavodoxins are also closely associated with the flavin in A. vinelandii flavodoxin, as detailed below.
First, the extended phosphoribityl side chain acts to anchor the cofactor to the protein via an extensive network of hydrogen bonds, as summarized in Table 3 and shown in Figure 5A . The hydroxyl groups of the ribityl chain as well as the phosphate oxygen atoms form hydrogen bonds mainly to backbone amide and carbonyl groups of the protein and to two solvent molecules. In particular, numerous interactions are present between the phosphate oxygen atoms and backbone amides as well as side-chain hydroxyl groups of the 9 S-N-T-G-K-T 14 loop, as deduced from the Hbonding distances between the atoms. This loop, cru- cially requiring Gly at position 12, has been identified as a consensus sequence for phosphate binding in flavodoxins (Ludwig and Luschinsky 1992) . It has a conformation very similar to that observed in other flavodoxins.
Second, the so-called 50s loop following b 3 identified in other flavodoxins is also closely involved in FMN binding in the A. vinelandii flavodoxin, in particular residues 56 T-L-G-E-G 60 . Despite considerable variation in sequence in this region between species, the conformation and interaction of these residues with respect to the FMN is conserved. Figure 6 shows how this four-residue loop adopts almost identical positions in Anabaena, C. beijerinckii, and A. vinelandii, with many backbone carbonyl and amide groups within hydrogen bonding distance of the FMN. Unique to the A. vinelandii flavodoxin is an interaction between Thr56 and N1 of FMN as well as O2* of the ribityl side chain (Table 3 ; Fig. 5B ). The two-residue peptide that undergoes a backbone flip upon reduction of the ox to the sq and hq forms is the 58-59 peptide also located in this loop. In all structures of oxidized flavodoxins, the backbone carbonyl of residue 58 points away from the N5 atom of FMN in an ''O-down'' conformation, whereas in the semiquinone state, determined for the flavodoxins from C. beijerinckii, D. vulgaris, and A. nidulans, the carbonyl group assumes an ''O-up'' conformation and points to the N5 (Watt et al. 1991; Ludwig and Luschinsky 1992; Hoover et al. 1999) . Our structure shows that in A. vinelandii flavodoxin in the oxidized state, the carbonyl group of Gly58 is also in the O-down conformation and points away from the N5, toward the re face of the FMN cofactor (Fig. 6C ). This is similar to the carbonyl groups of the analogous residues in the long-chain Anabaena and the short-chain C. beijerinckii flavodoxins (Fig.  6A,B, respectively) .
Finally, numerous hydrogen-bonding interactions between FMN and the apoprotein were identified in the 100s loop, from residues 98-107. A number of backbone amide and carbonyl groups are present within hydrogen bonding distance of the isoalloxazine ring of FMN, in particular from residues 98, 105, and 107 to N1, O2, and N3 of FMN (Table 3 ). Figure 5B shows the main hydrogen bonding partners of the flavodoxin polypeptide to the isoalloxazine part of the FMN, both from the 50s and 100s loop. The 100s loop also contains Tyr102, which flanks the FMN cofactor shielding its si face from the solvent and which has been shown to play an important role in the energetics of FMN binding through coplanar aromatic stacking interactions (Zhou and Swenson 1996b; Lostao et al. 2000) .
Distinctive features of FMN binding in A. vinelandii flavodoxin and consequences for its midpoint potentials H-bonding to N5 of FMN destabilizes the ox form The hydrogen bonding state of the N5 of FMN in the oxidized flavodoxin is also known to affect the E 2 redox potential by stabilizing the oxidized form of the protein (Rao et al. 1992; Hoover et al. 1999) . In all structures of oxidized long-chain flavodoxins known to date, a hydrogen bond is found from a residue within the 50s loop to the unprotonated FMN N5. In Anabaena (Fig. 6A) , A. nidulans, and E. coli, the donor is the backbone amide of residue 59, while in C. crispus it is the side-chain hydroxyl group of the adjacent Thr58. Although these hydrogen-bond donors are at between 3.1 Å and 3.6 Å from N5 in the different flavodoxins, their geometry is favorable, pointing directly toward the N5 (Burkhart 1995; Hoover and Ludwig 1997; Drennan et al. 1999) . Additionally, the apolar environment of the FMN binding site may increase the strength of the interaction (Rao et al. 1992) , and more compellingly, direct NMR evidence for hydrogen bonding to N5 exists (Stockman et al. 1988; Chang and Swenson 1999) . Although the hydrogen bond is broken upon reduction of the flavodoxin to the semiquinone, N5 subsequently makes a hydrogen bond with the carbonyl oxygen atom as described above, which requires the backbone peptide plane to flip (see above). However, in the oxidized A. vinelandii flavodoxin, no candidate for a hydrogen-bonding interaction with N5 could be found (Fig. 6C) . The closest backbone amide group is that of Glu59, at a distance of 4.0 Å from N5, but it is in an unfavorable position for hydrogen bonding. In this sense, the oxidized A. vinelandii protein resembles the short-chain flavodoxins from D. vulgaris (Romero et al. 1996) and C. beijerinckii (Fig.  6B ) (Chang and Swenson 1999) more closely, where no potential hydrogen bond donor is near the N5 atom either. It is likely that the absence of a hydrogen bond to N5 in the oxidized form of the protein destabilizes the ox form of the FMN, making reduction comparatively easier and yielding a higher E 2 value.
Gly58 stabilizes the sq form From sequence alignments, the residue at position 58 is most commonly a glycine in short-chain and an asparagine in long-chain flavodoxins. Uncommonly for a long-chain flavodoxin, the one from A. vinelandii has a glycine at this position. While the glycine can optimally accommodate the O-up conformation at that position of the type II 0 turn found in flavodoxin semiquinones (Hutchinson and Thornton 1994) , the Cb of the asparagine found in the long-chain A. nidulans flavodoxin makes very close contact with the following amide group, raising the energy of the O-up conformation . That this residue affects the stabilization of the semiquinone bound to flavodoxin and thus the redox potentials was confirmed by the Asn58Gly mutant of the long-chain A. nidulans flavodoxin, which had an ox/sq potential 46 mV more positive than that of the wild type, while its sq/hq potential was lowered by 26 mV ). On the other hand, mutants of the short-chain C. beijerinckii flavodoxin where the homologous Gly57 residue was replaced by alanine, asparagine, aspartate, and proline all had ox/ sq potentials that were reduced by $60 mV, while the Gly57Thr mutant with its bulkier b-branched side chain had an E 2 that was even lower, by 180 mV . Direct measurement of the strength of the N5HÁÁÁO57 hydrogen bond in this series of mutants by NMR definitively proved this effect, with a strong correlation between the temperature coefficients of the N5H and both E 2 and binding energy of the FMN semiquinone to the flavodoxin (Chang and Swenson 1999) . Thus it is conceivable that the atypical glycine at this position in the flavodoxin from A. vinelandii may be a factor in shifting the ox/sq potential to a more positive value. The analogous residue in the H. pylori flavodoxin is also a glycine; however, its redox potentials are not known. The long-chain flavodoxin from E. coli may provide further support for the proposed correlation between E 2 and the nature of the residue at position 58: The ox/ sq potential for this flavodoxin is among the lowest of all those known, where the protein has a bulky tyrosine residue here (Hoover and Ludwig 1997) .
Additional charges close to the N1 of FMN further destabilize the hq form Up to 11 acidic amino acids were found within 15 Å of N1 of FMN in the A. vinelandii flavodoxin, namely, the aspartates 68, 98, 108, 152, and 154 and the glutamates 59, 61, 104, 134, 136, and 139. Several of these residues are situated in the 100s loop, including the closest charged group at a distance of 3.0 Å , the carboxylic moiety of Asp98. Conversely, only three basic residues are present, and then only at the very periphery of the 15 Å radius from the FMN N1, with the positively charged side chains solvent-exposed at the surface of the protein instead of pointing toward the FMN binding pocket. This acidic character of the binding pocket around the N1 is known to be a major determinant of the sq/hq potential E 1 . The FMN hydroquinone in flavodoxins from both M. elsdenii (Franken et al. 1984) www.proteinscience.org 2291 (Vervoort et al. 1986 ) have been found to exist as anions, while evidence for sterical hindrance preventing protonation at N1 was found for the C. beijerinckii flavodoxin (Ludwig et al. 1990 ). The negative charges of the side chains destabilize the anionic hydroquinone, creating an unfavorable electrostatic environment that makes the reduction of the semiquinone more difficult. A patch of uncompensated negatively charged residues is commonly found grouped around the N1 of FMN in flavodoxins, and totals six to seven residues in both the D. vulgaris (Zhou and Swenson 1996b ) and A. nidulans flavodoxins. Zhou and Swenson (1995) systematically mutated all six acidic residues in the D. vulgaris flavodoxin, with the effect that E 1 was raised by $15 mV on average per neutralized amino acid. If by analogy the hq of the A. vinelandii flavodoxin is also negatively charged (Stockman et al. 1988) , by this gauge, the five additional negative charges observed in this protein could potentially result in a negative shift in E 1 in the order of 75 mV.
Leu at the re face of FMN results in a more polar FMN binding site and stabilizes the hq form While in most flavodoxins the FMN is stacked against a tyrosine on its si, or outer, face, more variability has been found in the amino acid present on its re, or inner, face. This is most commonly a tryptophan; however, nonaromatic residues have also been found. In A. vinelandii flavodoxin, a leucine residue is present. As a result, an open cavity is created at the re face of the cofactor, making it much more accessible to solvent. In fact, in both molecules of the asymmetric unit, two water molecules with low B-factors occupy this cavity in identical positions. They connect the innermost ring of the FMN to the surface of the flavodoxin (Fig. 4B ). The FMN in the A. vinelandii flavodoxin is the most solvent-exposed one in the long-chain flavodoxins of known structure, where values as calculated by NACCESS (S.J. Hubbard and J.M. Thornton, University College London) for the surface accessibility for FMN in the five long-chain flavodoxins of known structure and potentials are as follows: A. vinelandii (averaged for molecule A and B), 114.8 Å ; Anabaena, 93.9 Å ; A. nidulans, 100.1 Å ; C. crispus, 98.7 Å ; and E. coli, 99.7 Å . The presence of smaller and/or polar residues stabilizes the anionic FMN hq in the protein, thus shifting the sq/hq potential to more positive levels. This was corroborated by the mutation of the analogous Trp60 in the D. vulgaris flavodoxin to alanine, which raised E 1 by 83 mV , while the Trp57Leu Anabaena flavodoxin mutant had an E 1 that was higher by 30 mV (Lostao et al. 1997) . A methionine flanks the re face of the C. beijerinckii flavodoxin FMN, and a similar FMNto-surface water channel is present. This flavodoxin has one of the highest E 1 potentials known (Ludwig et al. 1990 ). Intriguingly, however, despite the small leucine residue and the presence of two water molecules within close proximity of the FMN, at À458 mV (Steensma et al. 1996 ) the A. vinelandii flavodoxin appears to have one of the lowest E 1 values of all flavodoxins (Fig. 1) . It is possible that the additional negative charges clustered around the N1 compensate for the increased polarity of the FMN binding site in this protein.
Comparisons between the two Azotobacter flavodoxins
The A. chroococcum flavodoxin has a sq/hq potential, which, at À522 mV, is even more negative than that of the A. vinelandii flavodoxin. Aligning the two protein sequences shows that the A. chroococcum flavodoxin also contains the additional negatively charged residues, as well as a phenylalanine instead of a tyrosine at position 106 (Fig. 3) . In the A. vinelandii structure, this residue was found within 5 Å of the most buried ring of the FMN, in an almost coplanar conformation. No other differences could be mapped to locations close to the FMN that could account for the extremely low E 1 of the A. chroococcum flavodoxin, which reinforces the overriding influence of the acidic nature of the FMN binding site.
We report here the first crystal structure of flavodoxin II from A. vinelandii, of the monomeric C69A mutant. In general, the structure closely resembles that of other long-chain flavodoxins, with the exception of an eightresidue insertion between b 3 and a 3 , which is found as a short 3 10 helix followed by a turn at the surface of the protein. The C69A mutation is solvent-exposed, as was previously proposed due to the propensity of the wildtype protein to form disulphide-bridged dimers.
On the whole, the interactions between the FMN cofactor and the apoflavodoxin are similar to those previously identified in other long-and short-chain flavodoxins, although variations in the amino acid sequence have resulted in several novel hydrogen bonds. More noteworthy, however, is the absence of a hydrogen bond to the N5 atom of the isoalloxazine ring, observed in all structures of oxidized long-chain flavodoxins determined to date. This is expected to destabilize the oxidized FMN and may in part explain the relatively high ox/sq E 2 potential of this flavodoxin. In addition, a glycine is present in the two-residue peptide that flips upon reduction of the protein, instead of the asparagine typical of long-chain flavodoxins. In both these characteristics, the A. vinelandii flavodoxin resembles the shortchain flavodoxins from C. beijerinckii and D. vulgaris more closely, where this is mirrored in their comparable E 2 values.
A cavity is found on the re face of the FMN, due to a leucine residue flanking the cofactor instead of the more common tryptophan. A short channel consisting of two water molecules leads from this cavity to the surface of the protein. As a result, the FMN in this flavodoxin is much more solvent-exposed, an effect which is known to stabilize the anionic hq form and raise the sq/hq E 1 potential. On the other hand, destabilization of the hq form is promoted by an exceptionally large cluster of 11 uncompensated negatively charged residues around the anionic FMN N1 atom, almost twice the number found in both short-and long-chain flavodoxins. The more polar FMN binding site counteracts the destabilization of the hq, and the net effect leads to the E 1 value of À458 mV observed. However, differential stabilization of the sq form by the formation of a hydrogen bond to the N5 effectively raises E 2 to a value closer to that of shortchain flavodoxins.
In summary, this structure of the oxidized flavodoxin II of A. vinelandii is an important starting point for a deeper understanding of the factors that modulate the redox potential of flavodoxins in general, and this protein in particular. Comparing this structure with other long-and short-chain flavodoxins has allowed us to identify particular features (a more polar FMN binding site due to the Leu-Trp replacement, a large cluster of acidic residues close to the N1) and residues (Gly58 that does not hydrogen bond to N5 in the oxidized state) that may be key to fine-tuning the E 1 and E 2 potentials. Further mutational, biochemical, and structural studies involving these residues will be required to correlate the observed structural and functional differences. Modulations by the interactions of these residues with the FMN result in what may more usefully be considered as a continuous range of E 1 and E 2 values for the different flavodoxins, as opposed to stricter definitions of class and redox potential based on chain length. Finally, NMR techniques can identify residues important for complex formation between flavodoxin and its redox partners. Mapping these onto the three-dimensional structure of the protein may give new insights not only into the nature of the complex but also into the particular pathways that may be involved in the electron transfer reaction.
Materials and methods
Expression and purification of recombinant A. vinelandii flavodoxin II C69A flavodoxin II from A. vinelandii ATCC 478 was expressed heterologously in E. coli strain TG2 from a pUC19 plasmid containing the mutated Cys69Ala flavodoxin gene . The large-scale culture was induced with 1 mM IPTG upon inoculation and grown for 24 h before harvesting. The protein was purified according to described protocols and was considered to be pure when the absorption peaks showed a ratio A 274 /A 452 of 4.7 (Tollin and Edmondson 1980). The molar absorption coefficient at 452 nm of 11.3 mM À1 cm À1 (Klugkist et al. 1986b ) was used to determine the concentration of flavodoxin.
Crystallization and X-ray data collection
Crystals were grown at room temperature using the sitting drop vapor diffusion method. The reservoir contained 2.8 M ammonium sulphate and 0.1 M Tris buffer (pH 7.0). The drops were made by mixing 2 mL of protein solution (15 mg/mL in 0.1 M Tris buffer [pH 8.0]) and 2 mL of the reservoir solution.
Plates and clusters of plate-like crystals grew over a period of between 1 and 2 wk. The crystal used for data collection was transferred to a 4:1 solution of reservoir solution and water. The crystal was subsequently dipped in Al's oil (1:1 paraffin oil and silicon oil) and flash frozen in a stream of evaporating nitrogen gas of 100 K. The crystal belongs to space group P2 1 2 1 2 1 with cell dimensions a ¼ 39.01 Å , b ¼ 70.54 Å , and c ¼ 132.64 Å . It diffracted to 2.25 Å resolution. Data were collected in house with a MAR CCD detector with CuKa Xrays from a NONIUS FR591 rotating anode generator (Table  1) . Data were processed with DENZO and SCALEPACK (Otwinowski and Minor 1997) . Reduction to structure factor amplitudes was performed with TRUNCATE (French 1978) .
Model building and crystallographic refinement
The structure of flavodoxin II C69A was solved by molecular replacement. The search model was based on the structure of the 47% sequence identical Anabaena flavodoxin (PDB code 1RCF; Burkhart 1995) using the 3D-PSSM server (Kelley et al. 2000) . This resulted in a model in which the side chains had been modeled by placement with a rotamer library (Bower et al. 1997) . Two molecules were located in the asymmetric unit using the molecular replacement program EPMR (Kissinger et al. 1999) , yielding a solvent content of 50%. Using data between 10 Å and 4 Å resolution, the correlation coefficient and R-factor of EPMR became 0.227 and 57.0% for the first molecule only and improved to 0.387 and 50.4% when both molecules in the asymmetric unit were included. The two molecules were rigid body refined with CNS (Brunger et al. 1998) , resulting in an R-factor of 48% (10-3Å ). After a first round of simulated annealing (30-2.25Å , R-factor 37.0%, R-free 42.7%), the electron density map was clear and showed the FMN group that had been omitted from the molecular replacement model. Side chains pointing in the wrong direction and main-chain at insertion points were manually rebuilt using the programs O (Jones et al. 1991) and QUANTA (Accelrys). The improved model was further refined with REFMAC5 (Murshudov 1997) . No NCS constraints were used. Water molecules were added, and electron density for six sulphate ions was also present. The final R-factor is 22.3%; the free R-factor, 27.8%. The refinement statistics and information about the final model are listed in Table 1 . The geometry of the final model was analyzed using PROCHECK (Laskowski et al. 1993) . Figures were prepared using PyMOL (http:// pymol.sourceforge.net). The coordinates have been deposited in the PDB (Berman et al. 2000) under accession number 1YOB.
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Calculation of surface accessibility of FMN in flavodoxins
The program NACCESS (S.J. Hubbard and J.M. Thornton, University College London) was used to calculate the surface accessibility of the FMN cofactor in Å 2 for a number of both long-and short-chain flavodoxins, using the PDB files of each of the proteins as input and the default probe size of 1.4 Å .
